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Introduction
Layered manufacturing technology was presented initially by Kodama as a new rapid prototyping technology to fabricate threedimensional plastic models [1] . This technique became the common technology for additive manufacturing (AM) to produce prototypes, tools and functional end products with a variety of components, such as polymer, ceramic and metal powder [2] . The development of three-dimensional CAD system also contributed to the commercial uses of the layered manufacturing techniques. Indeed, the use of metal powder in layered manufacturing is especially remarkable because the structures obtained are sufficiently strong for practical application [3] . Laser consolidation of metal powder is classified into several types of mechanism according to the energy density on area irradiated by laser beam [4] . Selective laser sintering (SLS) and selective laser melting (SLM) enable the fabrication of three-dimensional models from the powdered materials by selectively heating and fusing powder particles using a laser beam irradiation.
Problems encountered in SLS and SLM are the accuracy of the structures obtained by the layered manufacturing processes. The dimensional accuracy and the surface quality of the structures are inferior to conventional technologies such as a milling and grinding, and these are important limitations to layered manufacturing technology. The improvement of these problems was proposed symptomatically such as an employment of secondary laser irradiation without depositing a new metal powder layer [5] and an application of the atmospheric plasma spraying system (APS) on the consolidated structure [6] . Additionally, Abe et al. developed a multitasking machine in which a laser consolidation of metal powder and an end milling of the edge of consolidated structure were performed alternately [7] .
The principal factor which causes the deformation of the consolidated structure in SLS and SLM is the residual stress, which is induced by the thermal gradient brought on by rapid heating and cooling during layer consolidation. Shiomi et al. measured the distribution of residual stress within the consolidated structure in the SLM process [8] . They reported that the tensile residual stress remaining in the surface layer of the consolidated structure was improved by re-scanning of the laser beam without deposition of new powder. The influence of the thickness of substrate and the height of consolidated structure on the residual stress in the surface layer was also investigated in our previous study [9] . It was shown that the deformation of the consolidated structure was related to the value of residual stress and that residual stress increased with the increase in the number of layers. It is quite difficult to eliminate the residual stress induced inside the consolidated structure although pre-heating of the powder bed is effective in reducing it.
In order to improve the dimensional accuracy causally in layered manufacturing technology, it is essential to monitor and visualize the laser irradiation area during powder consolidation. This research focuses on the measurement of surface temperature of ferrous based metal powder by irradiation with Yb:fiber laser beam. Surface temperature was measured with two-color pyrometer employing an optical fiber with a different acceptable wavelength of InAs and InSb detectors, which were developed by the authors [10] . Additionally, the powder surface during laser irradiation was monitored with high speed video camera in order to clarify the consolidation mechanism.
Experimental method

Two-color pyrometer
A schematic illustration of the two-color pyrometer is shown in Fig. 1 [10] . The pyrometer is composed of an optical fiber, a condenser, an optical filter and two types of infrared detectors; This paper deals with the measurement of surface temperature on metal powder during the laser consolidation process with two-color pyrometer. Additionally, the aspect of selective laser sintering (SLS) and selective laser melting (SLM) of metal powder is visualized with high speed video camera. As a result, the surface temperature during the laser irradiation was ranged 1520-1810 8C and the consolidation phenomena was classified according to the melting point of metal powder. The metal powder at the heating process cohered intermittently to the melt pool although the laser beam was continuously irradiated to the powder surface.
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namely, an InAs detector and an InSb detector. These detectors are mounted in a sandwich configuration, with each detector having a different range of acceptable wavelength. The infrared energy radiated from the target is led to the two-color detector through a chalcogenide glass fiber and converted to an electric signal, amplified and stored in a digital memory. The frequency characteristics of the pyrometer are a flat response for sine wave from 10 Hz to 100 kHz, so that the pyrometer has sufficient speed to measure the laser irradiation area [11] . By taking the ratio of output signals, the influence of the emissivity occurring in the surface characteristics at the laser irradiation area is negligible [12] . To protect the two-color detector from laser irradiation, a germanium optical filter with a thickness of 1 mm was applied. This filter cut off nearly all wavelengths below 1600 nm.
The calibration was carried out using two different methods. In the range up to 1000 8C, the known uniform temperature on a radiation surface was measured with a thermocouple. Alumina was used as a target material. In the range exceeding 1000 8C, the minimum output, at which the surface of the specimen melted when the laser beam was irradiated, was measured. As target materials, SiC, with a melting point of 2200 8C, and a steel sheet with a melting point of 1510 8C were used. Fig. 2 shows the calibration curve obtained by taking the ratio of the output voltages of InAs and InSb detectors. By taking the ratio of output signals, the influence of the emissivity occurring in the surface characteristics at the laser irradiation area is eliminated. The solid line indicates the curve derived from the sensitivity of the parts which compose the two-color pyrometer. The experimental points coincided well with the calculated curve. The interpretation of ratio to temperature was calculated with a solid line. The range of temperature measurement with the twocolor pyrometer was 400-2200 8C.
Experimental setup
The experimental arrangement is schematically illustrated in Fig. 3 , and the experimental conditions are summarized in Table 1 . This equipment was a self-designed consolidated system composed of laser equipment and consolidation facility of a metal powder. The laser beam used was a continuous Yb:fiber laser (SUNX Ltd.: LP-F10) with a maximum laser power of 40 W. The intensity of relative density of the laser beam radiated from the galvanometer mirror formed a Gaussian shape. The beam diameter at the point where the intensity falls to 1/e 2 times from the maximum value was 45 mm. The substrate used to consolidate the metal powder was cold rolled steel, and its surface was processed by sandblasting with an average grain size of #46 in order to improve the wetting property of the melted powder. The vessel for the consolidation was filled with nitrogen to prevent the oxidization of the metal powder during laser irradiation.
The metal powder used was a mixture of 70% steel powder, 20% copper phosphorous alloy powder and 10% nickel powder. Each powder was prepared by the gas atomization method. The metal powder was deposited on the substrate using a leveling blade, and its thickness could be controlled by the precision stage at the required thickness.
The surface temperature during line consolidation on the deposited metal powder was measured. The laser beam was irradiated to the powdered surface through a galvanometer mirror at the focus spot, and scanned using programmed NC data. The chalcogenide glass fiber of the two-color pyrometer was set at a distance of 4.2 mm from the laser irradiation area and at an angle of 458 to the powdered surface. The center of the laser irradiation area always passed the center axis of the glass fiber. Hence, the fiber received the infrared rays radiated from the laser irradiation area when the laser beam passed through the target area of the fiber. The acceptance angle of the fiber was 248. Therefore, the passing length through the target area was 4.1 mm [13] . The influence of the irradiation parameter on surface temperature was investigated. Additionally, the consolidation phenomena of metal powder during laser beam irradiation were visualized using a high-speed video camera (Photron Ltd.: FASTCAM SA5) with a maximum recording speed of 100,000 fps. The video camera was set vertically above the powdered surface. A metal halide lamp was used as the light source. The laser beam was then irradiated to its surface at an angle of 458 to the powdered surface. Therefore, the beam diameter on the surface was 45 mm Â 64 mm.
Results and discussion
3.1. Consolidation mechanism of metal powder Fig. 4 shows the consolidation aspect in the SLM process of metal powder during laser beam irradiation. The schematic illustrations of powder consolidation in each image are also represented. Here the laser power was set at 40 W whereas the scan speed was 45 mm/s. These images were recorded by the high-speed video camera at a time interval of 4 ms. When the laser beam was irradiated to the powder surface, the powder was heated and the molten area was formed as shown in (a). The circumferential powder of the laser beam spot was also affected by the conducted heat induced by laser beam irradiation, and these powders cohered to the center of the laser beam due to the surface tension of molten powder, as indicated in (b). The cohesion of circumferential metal powder to the molten area occurred intermittently although the laser beam was continuously irradiated to the powder surface. In addition to the surface tension induced by the melting of the metal powder, the shape of the molten powder was strongly influenced by the adhesion force induced by the wetting properties. The laser beam was scanned on the powder surface and the molten area was formed in the laser scan direction, so that the molten spherical powder was growing up gradually, as depicted in (c). When the laser beam passed through the molten area which was sufficiently large due to the surface tension, the molten powder resulted in the solidification represented in (d). The increase of heat capacity induced by the growth of the molten powder also promoted the solidification of the molten powder. In addition to this, newly molten powder was also formed near the solidified powder. These processes were periodically repeated according to the progress of laser beam irradiation. Fig. 5 shows the variation of temperature during laser beam irradiation with the energy density. Here the layer thickness on the substrate was 0.05 mm. The energy density was calculated using laser power, scan speed and beam spot diameter. The typical output signal of InSb detector and temperature history obtained from the two-color pyrometer are also represented in Fig. 5 . When the laser beam reached the target area of the pyrometer, the infrared energy was immediately detected by the detector and converted into an electric signal. The output signal increased as the laser beam approached the center of the target area, and reached its maximum value when the laser beam reached the center of the target area. The output signal then decreased gradually after the laser beam passed the center. The variation in temperature obtained taking the ratio of output signals showed similar trends with that of the output signal. The laser beam was not detected in the detector due to the working of a germanium filter.
Surface temperature during laser beam irradiation
The temperature on the metal powder was greatly influenced by energy density as shown in Fig. 5 . The surface temperature at an energy density of 2.5 J/mm 2 was 1520 8C, and 1810 8C at 10.1 J/mm 2 . Fig. 6 compares the image of the consolidated structure to investigate the influence of energy density on metal consolidation. Schematic illustrations of powder consolidation are also shown. Fig.  6(a) shows the energy density at 2.5 J/mm 2 and Fig. 6(b) shows the energy density at 10.1 J/mm 2 . When the energy density was 2.5 J/ mm 2 , the surface temperature was 1520 8C and was lower than the melting point of steel powder. Therefore, the steel powder was partially melted and the shape of the solidified structure was rough. On the other hand, when the energy density was increased to 10.1 J/ mm 2 , the surface temperature was 1810 8C. The steel powder was fully melted and the shape of the consolidated structure was spherical due to the surface tension. The melting point of the steel powder which was the main component of the powder mixture was 1540 8C, and the melting point of copper and nickel which was included in the powder mixture was lower than that of steel powder. The consolidation phenomena of powder mixture were strongly related to surface temperature. Especially, the melting point of steel powder was important factor to classify the consolidation phenomena of powder mixture. Additionally, it was also shown that consolidation behavior could be controlled by measuring the surface temperature on the powder mixture non-destructively.
3.3. Visualization of the source of residual stress on metal powder Fig. 7 shows an image and schematic representation of consolidation when the laser power was 40 W and the scan speed of the laser beam was 1 mm/s. During cooling process of the metal powder, the consolidated structure shrunk toward the center of the structure. The shrinkage of consolidated structure started after 250 ms of laser irradiation. It was estimated that the shrinkage of the consolidated structure occurred when the surface temperature was sufficiently low. The shrinkage after solidification of metal powder caused residual stress on the consolidated surface. The source of residual stress on the metal powder was visualized by the observation of powder consolidation during laser beam irradiation. Fig. 8 shows the variation of the width of molten powder with energy density. Additionally, the difference of width in molten area and consolidated structure in each energy density is also shown in it. Here the width of molten area and consolidated structure were both defined as the width into which all consolidated structures were included inside the double parallel lines with a reference length of 2.6 mm. The width of molten area was significantly larger than that of the spot diameter of the laser beam, and its value was increased with energy density due to the conducted heat induced by laser beam irradiation. On the other hand, the difference of width in molten area and consolidated structure in the process of solidification was almost constant under each condition. The reduced distance was the most important parameter in the generation of the residual stress. Shiomi et al. reported that the residual stress on the consolidated structure was not affected by the laser conditions [8] . It was also shown in our previous paper that the parameter that influenced residual stress was the number of layers in the consolidated structure [9] . Since the generation of residual stress could not be avoided in the process of laser consolidation, it was necessary to perform post process on the consolidated structure to improve residual stress.
Conclusions
In this paper, the surface temperature of the powder mixture in metallic additive manufacturing during laser beam irradiation was measured by two-color pyrometer employing optical fiber, and the aspect of the powder consolidation was monitored by high-speed video camera in order to clarify the consolidation mechanism. Additionally, the influence of energy density on consolidation characteristics was investigated experimentally. The results obtained were as follows:
1. The two-color pyrometer with optical fiber made it possible to measure the surface temperature at the irradiated area of laser beam while the metal powder was consolidated. The measured temperature during the laser irradiation ranged from 1520 8C to 1810 8C. 2. The consolidation phenomena of powder mixture were strongly related to surface temperature, and the possibility of controlling consolidation behavior by measuring the surface temperature was demonstrated. 3. In the solidification process of molten powder, the cohesion of circumferential metal powder to the molten area occurred intermittently although the laser beam was continuously irradiated to the powder surface. 4. The consolidated structure shrunk during cooling process of metal powder, and its shrinkage occurred when the surface temperature was sufficiently low. The source of residual stress on the metal powder was visualized by the observation of powder consolidation during laser beam irradiation. 
